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FOREWORD 

This report was prepared by Propulsion and Flight Vehicle Power Branch, 
Defensive and Experimental Systems Engineering Division,  Directorate of 
Systems Engineering, Wright Air Development Division.   The study was 
conducted under Weapon System 653A. 

The studies presented began on 30 January 1961 and were concluded 
20 February 1961. 
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ABSTRACT 

The mission of the X-15 aircraft engine requires that the engine operate at 
40,000 tq 250,000 feet altitude. Since nozzle optimization is presently at 17,000 
feet, methods of increasing engine performance by optimization of the nozzle 
to higher altitudes were studied. Theoretical results indicate that optimization 
can be achieved at 40,000 feet by extending the present nozzle 18 inches. The exit 
area of this nozzle would still be within the limits imposed by the contour of the 
X-15 tail section. Optimization over 40,000 feet would probably require major 
design changes., 

PUBLICATION REVIEW 

This report has been reviewed and is approved. 

FOR THE COMMANDER: 

JAMES G. BARRETT 
Chief, Propulsion and Flight Vehicle 

Power Branch 
Defensive and Experimental Systems 

Engineering Division 
Directorate of Systems Engineering 
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e 
At 

e 

LIST OF SYMBOLS 

2 
A =      nozzle throat area (in ) 

2 
A =      nozzle exit area (in > 

A 
nozzle area ratio 

2 
P *      absolute pressure at nozzle exit (lbs per ft ) 

2 
P ■      absolute pressure in thrust chamber (lbs per ft ) 

c 
2 

P =      ambient pressure (lbs per ft ) 
£1 

C, =      theoretical vacuum thrust coefficient fvac 

C.. =      C.       corrected for altitude fth fvac 

C, =■      C,.  corrected for the nozzle discharge coefficient and the 
fact fth 0 

nozzle efficiency factor.   (For the XLR-99 nozzle Cf       = 

0.934 Cf.) (approx.) 

W =      weight flow rate of propellant (lbs per sec) 

L =      length of nozzle exit cone (in.) 

F , =      theoretical thrust (C^.  P   AJ th ftn    c    v 

F =      delivered thrust (C,    _ P   AJ ac v   fact    c    r 

<Fth) I »      theoretical specific impulse 

(Fact> 

w 

ac I =      delivered specific Impulse —nr spact K K W 

k =      ratio of specific heats 
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INTRODUCTION 

The mission of the XLR-99 rocket engine in the X-15 aircraft requites that 
the engine operate at altitudes ranging from 40,000 to 250,000 feet. At present 
the optimum performance of the XLR-99 engine nozzle is at 17,000 feet altitude, 
which is considerably under the minimum operating altitude of the engine. The 
objective of our efforts, therefore, was to determine how nozzle optimization 
could be achieved with only minor design changes. 

Our approach was to determine if the nozzle could be extended and still 
maintain its exit area within the limits imposed by the present contour of the 
X-15 tail section. Structural design, added inert weight, center-of-gravity 
shift, and increased drag associated with optimization of the XLR-99 engine 
nozzle to a typical mission altitude were assumed to be more important 
criteria than the increased performance obtained from the engine. Our study 
was based on theory, and calculations were obtained from the theory applied. 
The effects of optimization of the nozzle on the maximum thrust and specific 
impulse of the XLR-99 rocket engine were determined. The effects of 
increasing drag and added inert weight with nozzle extensions to the engine 
were not calculated. 

Manuscript released by author on 28 February 1961 for publication as a 
WADD Technical Note. 
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THEORETICAL APPROACH 

The following two methods were used to calculate nozzle optimization. 

Method 1 

a. Choose a given altitude for nozzle optimization. 

b. Determine P   at this altitude from I.C.A.O. standard atmosphere 
chart (Reference 1). 

c. For optimum expansion, set P   = P . 

P 
d. Determine the ratio of-=— for a given P . 

2): 
e.    Calculate the optimum expansion ratio by the following method (Preference 

1
k-1    /P«\k 

m (■%-) y(m-&) 
k-l 

k 

f.    Calculate Cf       as follows (Reference 2): 

k+l 
k-l 

tvac 

k:J 
k ff i^r ■-(^)k <£m- 

g.    Calculate C..  as follows 

fth fvac - (^ (^ 

h.    Calculate C,    . as follows: 
fact 
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Overall nozzle efficiency as determined experimentally for the XLR-99 
engine is equal to 0.934; therefore, Cf      = 0.934 CL.. 

i.    Calculate other performance parameters as follows: 

Fth = Cfth Pc At 

F act 
= Cfact Pc At 

spth ■ 
Fth 
w 

spact = 
F 

act 
W 

Method 2 

a. Choose a given area ratio. 

b. Using the given area ratio, solve equation given as part 1 of Method 1 
P 

, e for P c 

P g 
c.    From -5—, solve for P   using a given P . 

XT C w c 

d.    Set P   = P   for optimum expansion. 
6 a 

e. From I.C.A.O. standard atmosphere chart (Reference 1), determine the 
altitude of nozzle optimization. 

f. Same as part f of method 1. 

g. Same as part g of method 1. 

h. Same as part h of method 1. 

i.    Same as part i of method 1. 
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RESULTS 

The detailed results of optimization of the conical nozzle are given in the 
appendix. From these data. Figures 1 through 4 were plotted.  These figures 
show that the XLR-99 rocket engine operates more efficiently when nozzle 
optimization is at the altitude at which the engine is to operate. By extending 
the present nozzle 18 inches, we can obtain nozzle optimization at 40,000 
feet altitude.   The exit area of this extended nozzle would still be within the 
limits imposed by the present contour of the X-15 tail section. This degree 
of extension is about the limit obtainable with only minor design changes. 
As shown in the appendix, optimization of this nozzle to greater altitudes 
requires nozzle extensions that are prohibitive in size. 

The rate of increase in thrust and specific impulse decreases with 
optimization of the nozzle to increasing altitudes.   At the same time, the 
rate of increase in size of the nozzle increases with nozzle optimization 
to increasing altitude.   If increasing the performance of the engine about 4 
to 5 percent is desired, nozzle optimization to 40,000 feet altitude would 
probably be the most feasible method. Optimization of this nozzle to altitudes 
greater than 40,000 feet would probably cause major design and stabilization 
problems. 
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APPENDIX 

DATA ON NOZZLE OPTIMIZATION FROM SEA LEVEL TO 80,000 FEET ALTITUDE 

0 Feet Altitude 

At 59.038 in - 86.400 lbs per ft 

A    352.61 in e 2116.22 lbs per ft' 

—^  5.97258 
At 

1.21 

e 
0.02449 W ■ 209.7 lbs per sec max 

C.        1.66804 
fvac 17.68 in. 

Altitude Cfth Fth Fact Ispth 
Ispact Pa 

0 1.52176 53,905.0 50,3Ü7.3 257.13 2U0.16 2116.22 

10,000 1.567U4 55,5?3.l 51,858.6 2614.8h 2147.36 1155.33 

?0,000 1.60082 56,705.5 52,962.9 270.Ij8 252.63 972.149 

30,000 1.6?li60 57,5Ii7.9 53,7Ü9.7 27)i.50 256.38 628.13 

1^0,000 1.6)i097 58,127.8 51,291.U 277.27 258.97 391.68 

50,000 1.65130 58,li93.7 5Ji, 633.1 279.01 260.59 2h2.21 

^0,000 1.65769 58,7?0.0 5L,8hU.5 280.09 261.60 1)4 9.78 

70,000 1.66158 58,857.8 5)J,973.2 280.75 262.22 93.52 

fi0,000 1.66U03 58,9)ih.6 55,05)!.2 281.16 262.60 58.01 

90,000 1.66556 58,998.8 55,ioli,9 281.h2 262.85 35.95 

100,000 1.66650 59,032.1 55,136.0 281.58 262.99 22.31 

150,000 1.6678h 59,079.6 55,180.3 281.81 263.21 3.00 

200,000 1.66800 59,085.2 55,185.6 281.8U 263.21 0.66 

500,000 1.6680U 59,086.6 55,186.9 281.81 263.2h 0.00 
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At 59.038 in 

A    578.572 in 

17,345 Feet Altitude 

P - 86.400 lbs per ft 

- 1085.84 lbs per ft' 

9.800 1.21 

— 0.0125676 
c 

C,        1.7337921 fvac 

W ■ 209.7 lbs per sec max r 

■ 26.09 in. 

Altitude Cfth Fth Fact -^pth spact Pa 

0 1.119376 52,913.? h9,h20.9 252.ho 235.7h 2116.22 

10,000 1.56872 55,566.5 51,901.0 265.06 2h7.57 lh55.33 

20,000 1.623I49 57,508.6 53,713.0 27h.32 256.21 972.h9 

17,3hS 1.61063 57,053.0 53,287.5 272.1h 25h.l8 1085.8h 

30,000 1.66251 58,890.8 55,ooh.o 280.91 262.37 628.h3 

ho,000 1.68937 59,8U2.2 55,892.6 285.h5 266.61 391.68 

50,000 1.70632 60,Ui2.6 56,h53.l4 288.31 269.28 2h2.21 

60,000 1.71681 60,8lli.2 56,800.5 290.08 270.93 lh9.78 

70,000 1.72319 61,OhO.2 57,011.5 291.16 271.9h 93.52 

80,000 1.7272? 61,183.0 57,lhh.9 291.8h 272.58 58.01 

90,000 1.72972 61,271.5 57,227.6 292.26 272.97 35.95 

100,000 1.73126 61,326.1 57,278.6 292.52 273.21 22.31 

150,000 1.733li5 6l,h03.6 57,351.0 292.89 273.56 3.00 

?00,000 1.73372 6l,hl3.2 57,359.9 292.9h 273.60 0.66 

5oc,ooo 1.73379 6l,hl5.7 57,362.3 292.95 273.60 0.00 

10 
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30,000 Feet Altitude 

\ 
59 .038 i n 2 P 

c - 86 ,400 l b s p e r f t 2 

A e 
874 .35 i n 2 P 

e • 628 .431 l b s p e r f t 2 

A 
6 

14.809 k - 1.21 

p 
e 

P 0 .00727 W m a x * 209.7 l b s p e r s e c 
JL c 
c. fvac 1 .78132 

L » 34.87 in 

A l t i t u d e C f t h *th ^ac t l.spth I s p a c t 

0 1. hi 8 60 50,250.8 )i6,93h.2 239.70 223.88 2116.22 

10,000 1.5°188 5 ) J , ? 6 3 . 5 50 ,682 .1 258.8h 2L1.76 11:55.33 

20,000 1. 611*614 57,195.1 53,)i?0.2 27?.82 25h .8 l 972.).9 

30,000 1.67361 59 ,283 .9 55,371.2 282.78 26L.JP 628.L3 

ho,000 1.71ii l9 60,721.1) 56 ,713.8 2 8 9 . 6 ! I 270.5? -J91, AH 

50,000 1.73981 61 ,628 .9 57,56l..'a 293.97 27)4.57 21:2.21 

AO,000 1.75565 62 ,190 .0 58 ,085 .5 296.65 277.07 Hi 9 .78 

70,000 1.76530 62 ,531 .9 58, hOii. 8 298.28 278.59 93.52 

80,000 1.77138 62,7)1?.2 58 ,605.9 299.30 279.55 58.01 

90,000 1.77516 6 2 , 8 8 1 . 1 58,730.9 299.9li 280.11. 35.95 

100,000 1.77750 62,96)4.0 58 ,808.h 300.3)i 280.52 22.31 

]5o,ooo 1.78081 63 ,081 .3 58 ,917.9 300.90 281. Oli 3 .00 

?00,000 1.78121 63,095.1' 58 ,931 .1 300.96 281.10 0.66 

500,000 1.78132 63 ,099 .3 58,93ii.7 300.98 281.11 0.00 
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42.144 Feet Altitude 

A « 
59 .038 i n 2 P c 

• 86 ,400 l b s p e r f t 2 

A e 
1357 .87 i n 2 P e 

• 353 .38 l b s p e r f t 2 

A e 
A t 

23 k - 1 .21 

P e 
P 

0 .0040007 
W • 209 .7 l b s p e r s e c 

m a x 
c 

f v a c 1 .825664 L • 46 .48 l a . 

A l t i t u d e c f t h F t h F a c t ^sp th ^spac t Pa 

0 1.26239 hli ,717.h L l , 7 6 6 . 0 213.30 199.22 2116.22 

10,000 l.li383ii 50 ,950 .0 1*7 , 587.3 2143.03 226.99 Hi 55.33 

?0,000 1.56691 55 ,50b .3 5 l ,8Ul .O 26U.75 2147.28 972.149 

?0,000 1.6581i 5 58,7l i6.9 51i,869.6 280.22 261.72 628.143 

1(0,000 1.721L7 60 ,979 .3 56,9514.7 290.87 271.67 391.68 

U 2,1UU 1.73159 61 ,337.8 57 ,289 .5 292.58 273.27 353-38 
r?0,000 1.76126 62 ,388 .8 5 8 , 2 7 1 . 1 297.59 277.95 ?! 42.21 

60,000 1.78587 63 ,260 .5 59 ,085 .3 301.75 281.83 l l i9.78 

70,000 1.80082 63 ,790 .0 59 ,579 .9 3014.28 28h.20 93.52 

80,000 1.81025 61i,12lx.l 59 ,891.9 305.87 285.68 58.01 

90,000 1.81623 61 ,335 .9 60 ,069.7 306.88 286.62 35.95 

100,000 1.81991 6h,h66.3 60 ,211 .5 307.50 287.20 22.31 

i<0,000 1.82197 6h,6hS.S 60 ,378 .9 308.36 288.01 3.00 

POO,000 1.82566 61j,670.0 60 ,h01.8 308.148 288.12 0 .66 

500,000 1.82566 61 ,670 .0 60,1x01.8 308.18 • 288.12 0 .00 

12 
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48,733 Feet Altitude 

59.038 in 

1735.72 in2 

86,400 lbs per ft 

257.47 lbs per ft' 

29.4 »   1.21 

'fvac 

0.0029803 

1.84794 

W *   209.7 lbs per sec max 

»   54.16 in. 

Altitude Cfth Fth Fact ^pth ■'■spact p
a 

0 1.12793 39,95iub 37,317.1! 190.58 178.00 2116,22 

10,000 1.352811 h7,9?l.h 1^,758.6 228.58 213.ij9 1155.33 

20,000 1.51719 53,7IJ3.1 50,196.0 256.35 239. 1J3 972.19 

30,000 1.63ii20 57,887.9 5)4,067.3 276.12 257.90 628.1J3 

ii0,000 1.711i76 60,711.6 56,73?.6 289.7li 270.62 391.68 

li8,733 1.76062 62,366.1 58,250.0 297.ij9 277.85 257. ii 7 

50,000 1.76562 62,5U3.2 58,iil5.3 298.33 278.61^ 2Ü2.21 

60,000 1.79708 63,657.6 59,^56.2 303.65 283.61 1Ü9.78 

70,000 1.81619 6h,33h.5 60,088,li 306.87 286.62 93.52 

80,000 1.82Q2h 6h,76l.k 60,h87.1 308.91 288.52 58.01 

90,000 1.83589 65,032.h 60,710.3 310.20 289.73 35.95 

100,000 l88Ij059 65,198.8 60,895.7 311o00 290.h7 22.31 

150,000 1.81706 65,Ü28.0 61,109.7 312.09 291.149 3.00 

200,000 1.8li79h 65,It59.2 61,138.9 31?.2[i 291^63 O066 

500,000 1.8Ii79li 65,159.2 61,138.9 312.2li 291.63 0.00 

13 



59.038 in 

2361.52 in 

57,924 Feet Altitude 

P 
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86.400 lbs per ft' 
r 

173.66 lbs per ft' 

40,0 -   1,21 

"fvac 

0.0020064 

1.8737727 

W ■   209.7 lbs per sec max r 

65.20 in. 

Altitude cfth Fth Fact Ispth ■^spact Pa 

n 0.8914014 

1.20001 

?]l6.2? 

10,000 142,507.7 39,702.2 203.05 189.65 11455.33 

20,000 1.U2355 50,1426.1 147,098.0 210.53 22li.65 972.149 

30,000 1.582814 56,068.6 52,368.1 267.a5 2i49.80 628.143 

li 0,000 1.6921414 59,951.0 55,9914.2 285.97 267.09 391.68 

50,000 1.761614 62,1402.2 58,283.6 297.66 278.01 2i42,21 

57,9?li 1.79338 63,526.5 59,333.7 303.02 283.02 173.66 

60,000 1.8014143 63,918.0 59,699.24 3014.89 2814.77 1149.78 

70,000 1.830148 614,8^0.7 60,561.2 309.29 288.88 93.52 

80,000 1.814692 65,1423.1 61,105.2 312.07 291.147 58.01 

90,000 1.85713 65,7814.7 6l,lilj2.9 313.79 293.08 35.95 

100,000 1.863U5 66,008.6 61,652.0 3114.86 2914.08 22.31 

i5o5ooo 1.87239 66,325.3 6l,9li7.8 316.37 295.Ii9 3-00 

?00,000 1.873147 66,363.5 61,983.5 316.55 295.66 0.66 

500,ooo 1.87377 66,37l!.2 61,993.5 316.60 295.70 0.00 

14 
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62,876 Feet Altitude 

59.038 in 

2951.9 in 

P «   86,400 lbs per ft 

«   130.46 lbs per ft 2 

A. 
50 k 1.21 

C fvac 

0.0015093 

1.8911427 

W *   209.7 lbs per sec max 

74.32 in. 

Altitude Cfth Fth Fact Ispth ■'•spact p a 

0 

10,000 

0.666148 

1.0U89U 

91 36, '-'? 

37,156.h 314,7014.1 177.2h 165.5it ii4 55.33 

20,000 1.32836 Ü7,05l4.2 143,9148.6 2214.145 209.6b 972,ä9 

30,000 1.527h7 5ij,107.3 50,536.2 258.09 2141.06 628.14 3 

U03000 I.66UI48 58,960.5 55,069.1 281.214 262.68 391.68 

50,000 1.75098 62,02h.6 57,931.0 295.86 276.33 2l42.?] 

60,000 l.SOlili? 63,919.a 59,700.7 30)J.89 28)i.77 1149.76 

62,876 1.81565 614,315.11 60,070.6 306.78 286.53 130 JJ6 

70,000 1.83702 65,072.14 60,777.6 310.39 289.. 90 93.5? 

80,000 1.85757 65,800.3 61,1457.5 313.87 293.15 58.01 

90,000 1.8703)4 66,252.7 61,880.0 316.02 295-16 35.95 

100,000 1.87823 66,532.2 62,1)41.1 317.36 296, U 22.51 

1,50 ,,ooo 1.889bl 66,928.2 62,510.9 319,25 298.IB 3.00 

200,000 1.89076 66,976.0 62,555.6 319.h7 296.38 0.66 

500,000 1.891114 66,989.5 62,568.2 319.5l4 298.Ii5 0.00 

15 



59.038 in 

5586.6 in 

80,000 Feet Altitude 

P 
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- 86,400 lbs per ft2 

- 58.01 lbs per ft2 

-~        94.627 -   1.21 

'fvac 

0.00067 

1.93536 

W__        ■   209.7 lbs per sec max r 

-   106.83 in. 

Altitude cfth Fth Fact ^pth ^spact pa 

o 2116 2? 

10.000 0.3lilli6 

0.870P7 

1.?1J710 

lh55.33 

972.h9 

6?8.ij3 

?0  000 

^0,000 hh,175.8 hi,260.2 210.72 196.81 

ho,000 1.50639 53,360.5 Ii9,838.7 25lt.53 237.73 391.68 

50,000 1.67010 59,109.6 55,255.1 282.19 263.56 2Ji2.21 

60,000 1.77132 62,715.1 58,603.9 299.29 279.5h 1U9.78 

70,000 1.8329k 61,927.9 60,6[i2.6 309.71 289.27 93.52 

80,000 1.87183 66,305.ü 61,929.2 316.28 295.140 58.01 

90,000 1.Ö9599 67,161.3 62,728.6 320.36 299.22 35.95 

100,000 1.91093 67,690.5 63,222.9 322.88 301.57 22.31 

150,000 1.93208 68,109.7 63,922.7 326.U6 30a.91 3.00 

200,000 1.93li6l4 68,530.14 6h,007.U 326.89 305.31 0.66 

5oo,ooo 1.93536 68,555.9 6U,031.2 327.01 305.U3 0.00 

16 
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